ABSTRACT: A comparative study on the adsorption of zinc(II) and cobalt(II) from aqueous solutions onto Indion BSR, an indigenous cation-exchange resin, was undertaken in the present work. Various parameters for the removal of Co(II) and Zn(II) such as the initial solution pH, contact time, resin and metal ion concentration were optimized. The equilibrium data obtained were well fitted by both the Langmuir adsorption isotherm at pH 6.0 for 500 mg resin and the Freundlich adsorption isotherm under optimum conditions of contact time and pH 5.0 for 250 mg resin at 30°C. The adsorption of Zn(II) and Co(II) on this cation-exchange resin followed first-order reaction kinetics. Film diffusion of Co(II) and Zn(II) in this ion-exchange resin was shown to be the main rate-limiting step over the concentration range studied. The studies showed that the resin could be used as an efficient adsorbent for the removal of Co(II) and Zn(II) from aqueous solutions.
INTRODUCTION
Aqueous waste streams of metal-producing and processing industries, such as metal-plating facilities, mining operations, galvanizing, nuclear power plants, etc., are contaminated by heavy metals such as zinc, chromium, cobalt, lead and mercury. The soils surrounding such industries are also contaminated and pose a risk of both surface and ground water contamination due to the percolation of these metals. Heavy metals are not biodegradable and tend to accumulate in living organisms, causing various diseases and disorders (Gomez-Lahoz et al. 1993; Susan et al. 1999; Netzer and Hughes 1984) .
Cobalt, a natural element present in certain ores of the Earth's crust, is essential to life in trace amounts. Cobalt has both beneficial and harmful effects on health. Important sources of cobalt in the environment are its salts that are used in nuclear medicine, enamels and semiconductors, grinding wheels, painting on glass and porcelain, hygrometers and electroplating. It is also used as a foam stabilizer in beer, in vitamin B12 manufacture, as a catalyst for organic chemical reactions, etc. The permissible limits of cobalt in irrigation water and livestock watering are 0.05 and 1.0 mg/l, respectively (Environmental Bureau of Investigation, Canadian Water Quality Guidelines). The effects of acute cobalt poisoning in humans are an asthma-like allergy that causes heart failure, damage to the heart, thyroid and liver.
Zinc is another such toxic metal present in the air, soil, water and almost all food. Hence, it is naturally released into the environment, although industrial activities are mostly responsible for zinc pollution. Zinc is commonly used to coat iron and other metals to prevent oxidation. Various zinc salts are used industrially in wood preservatives, catalysts, photographic paper, as accelerators for rubber vulcanization, ceramics, textiles, fertilizers, pigments and batteries (USDHHS 1993 ) that contribute significantly to environmental zinc pollution.
A number of technologies have been developed over the years to remove these toxic metals from water. These include chemical precipitation, electroflotation, ion exchange, reverse osmosis and adsorption on activated carbon (Poon 1986 ). However, cost-effective alternative technologies for the treatment of metal-contaminated waste streams are needed. Although the removal of heavy metal pollutants at high concentrations from water can be readily accomplished by chemical precipitation or electrochemical methods, the removal of such pollutants at low concentrations is implemented more effectively by ion exchange or adsorption on a solid sorbent such as activated carbon (Sigworth and Smith 1972; Nelson et al. 1974) .
Some investigators have studied the removal of inorganic metal ions, viz. cadmium, cobalt, copper, mercury and lead, using various adsorbents (Gomez-Lahoz et al. 1993; Susan et al. 1999; Netzer and Hughes 1984; Murat et al. 1997; Gomez-Serrano et al. 1998; Ruey-shin et al. 1999) . However, the improved sorption capacity of ion-exchange resins may have advantages over nonspecific adsorbents. The main objective of this work was to investigate the equilibrium and kinetic parameters of Indion BSR (a chelating ion-exchange resin) as an adsorbent for the removal of cobalt and zinc from wastewater. The parameters influencing adsorption such as contact time, pH, initial metal ion concentration and resin concentration were investigated.
MATERIALS AND METHODS

Materials
The cation-exchange resin Indion BSR (M/s. Ion Exchange India Ltd., Mumbai) was used in this study. This resin is used mainly in chloralkali plants and in the production of high-purity brine. All the other chemicals used were of analytical grade and obtained from Aldrich Chemicals, USA. Stock solutions (1 g/l) of Co(II) and Zn(II) were prepared by dissolving the corresponding nitrate salts in 1 l of distilled water. The resulting solution was further diluted to obtain solutions of the desired concentration.
Methods
The adsorption experiments were conducted as follows. Known volumes (100 ml) of Co(II) or Zn(II) solutions of a desired concentration adjusted to a desired pH were placed in a series of 250-ml conical flasks. The pH of the solution in each flask was adjusted using 0.1 N nitric acid or sodium hydroxide solutions. Known amounts of the Indion BSR ion-exchange resin were then added to the flasks which were agitated for a predetermined period at 30°C in a water bath shaker. The resin in each flask was separated and the filtrate analyzed for the unadsorbed Zn(II) or Co(II) using an atomic absorption spectrophotometer (Thermo Jarrel SH-8000 model). Adsorption isotherm studies were carried out using different initial concentrations of Co(II) or Zn(II) while maintaining the resin dosage at a constant level. The effect of various parameters such as pH, contact time, temperature and concentrations of metal ion and resin were studied.
RESULTS AND DISCUSSION
Adsorption studies using Indion BSR for the removal of Co(II) or Zn(II) from aqueous solution were performed under different experimental conditions such as pH, resin dosage and contact time. The experimental results and relevant observations are discussed below.
Effect of contact time
The effect of contact time on the removal of Co(II) or Zn(II) by Indion BSR is depicted in Figure 1 . The removal efficacy increased with time with an equilibrium value being attained within 20 min for Co(II) and within 60 min for Zn(II) for initial metal concentrations of 400 ppm. The equilibrium time was independent of the initial metal ion concentration.
The metal ion uptake versus time curves increased monotonously to saturation, suggesting possible monolayer coverage of the metal ions on the surface of the adsorbent (Namasivyan and Ranganathan 1995). Although the experiments were conducted initially for 24 h, since equilibrium was attained within 20 min and 60 min for Co(II) and Zn(II) respectively, the plots shown in the figure extend to 3 h only.
Effect of pH
The effect of the initial pH value on the removal of Co(II) and Zn(II) by Indion BSR is presented in Figure 2 . It is evident from the figure that the resin was effective over the pH range 1-6 for the removal of Co(II) and over the range 1-7 for the removal of Zn(II). Since precipitation of Co(II) and Zn(II) was observed above these pH ranges, at any pH within the range the removal of metal cation must have been due to adsorption and not hydroxide precipitation ( Figure 2 ). However, metal ion removal nearer the pH of precipitation [pH 6 for Co(II) and pH 7 for Zn(II)] would more likely be due to the formation of hydroxyl complexes of these metal ions such as Co(OH) 2 and Zn(OH) 2 (Susan et al. 1999; Periasamy et al. 1991; Marzal et al. 1996) . For this reason, experiments were performed at a pH value of 5.0 in subsequent studies. The adsorption of the metal cation on the adsorbent depends on the nature of the adsorbent surface and the species distribution of the metal cation.
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Effects of resin dosage
The removal of Co(II) and Zn(II) as a function of the resin dosage at a solution pH of 5.0 is shown in Figure 3 . In these experiments, the resin dosage was varied from 50 mg to 500 mg and the systems allowed to equilibrate for 24 h.
It is evident that 200 mg resin was sufficient to effect the noticeable removal of 200 ppm Co(II) from 100 ml of solution. Similar observations were also obtained for Zn(II). This result shows that the resin studied was a good adsorbent for both of these ions. This may be due to the high ionexchange capacity of Indion BSR towards Co(II) and Zn(II). The experimental results also revealed that the removal efficiency of Co(II) and Zn(II) increased with increasing resin dose, with an efficiency of more than 99% being found for 200 mg resin.
Adsorption isotherms
The equilibrium removal of Co(II) and Zn(II) on Indion BSR can be expressed mathematically in terms of adsorption isotherms, with the adsorption data being commonly fitted to the Langmuir or Freundlich models. Both models were applied to the adsorption data obtained in the present study. The Langmuir equation may be written as: where C e is the equilibrium concentration and q e the amount adsorbed at equilibrium (mg/g), with Q 0 and b being the Langmuir constants related to adsorption capacity and energy of adsorption, respectively. The linear plots of 1/q e versus 1/C e depicted in Figure 4 show that the adsorption of both metal ions on the resin studied obeyed the Langmuir model. The quantities Q 0 and b were determined from the Langmuir plots and are listed in Table 1 . These were 243.9 mg/g and 0.25 dm 3 /mg, respectively, for Co(II) and 100 mg/g and 0.4739 dm 3 /mg, respectively, for Zn(II) adsorption on Indion BSR. The essential characteristics of the Langmuir isotherm can also be expressed in terms of a constant dimensionless separation factor or an equilibrium parameter, R L , which may be defined as: (2) where b is the Langmuir constant and C 0 is the initial concentration of Co(II) or Zn(II), respectively (Glasstone 1946). The R L values for Zn(II) and Co(II) were found to be 0.0052 and 0.0099, respectively, indicating favourable adsorption of both metals on Indion BSR at the concentrations studied.
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The Freundlich adsorption isotherm was also applied to the adsorption of the metal ions by the Indion BSR resin. Thus, the experimental results obtained for the adsorption of Co(II) and Zn(II) on this resin at 30°C under optimum conditions of contact time and adsorbent dosage were found to obey the Freundlich adsorption isotherm expressed as (Battacharya and Venkobachar 1984) : (3) where x is the amount of metal ion adsorbed (mg), m the weight of resin (g), C e the equilibrium concentration, and K F and n are the Freundlich constants. The logarithmic form of the equation becomes:
The Freundlich adsorption isotherm represents the relationship between the amount of metal ion adsorbed per unit mass of resin (x/m) and the concentration of Co(II) or Zn(II) at equilibrium (C e ). The quantities K F and n are constants representing the adsorption capacity and intensity of adsorption, respectively.
The Freundlich adsorption isotherm fitted the data obtained in the present study ( Figure 5 ). Thus, the plot of log(x/m) versus log C e for various initial concentrations was linear, thereby indicating the applicability of the classical adsorption isotherm to this adsorbate-adsorbent system. The corresponding values of K F and n are also recorded in Table 1 . The adsorption capacity (K F ) was found to be 94.69 and 62.86 mg/g and the adsorption intensity (n) to be 9.87 and 7.85 for Co(II) and Zn(II), respectively. The higher value of K F for Co(II) indicated its greater affinity for log log log x m K n C the resin. The fact that the values of n lay between 1 and 10 for the metal ions indicates their favourable adsorption by Indion BSR (Glasstone 1946).
Kinetics of adsorption
The kinetics of sorption and the equilibrium adsorption are the two most important physicochemical aspects for the parameter evaluation of the sorption process as a unit operation. The kinetics of sorption describe the rate of uptake of the solute by the adsorbent. This, in turn, governs the residence time of the sorption reaction. The latter is one of the important characteristics defining the efficiency of sorption. Hence, in the present study, the kinetics of Co(II) and Zn(II) removal were studied in an attempt to understand the adsorption behaviour of Indion BSR. Figure 1 shows the adsorption uptake of Co(II) and Zn(II) on this resin as a function of time. The rate of sorption was very rapid initially but decreased markedly before approaching gradually to the equilibrium value.
The adsorption of Co(II) and Zn(II) from aqueous solution follows reversible first-order kinetics, where a single species is considered to adsorb onto a heterogeneous surface. The heterogeneous equilibrium between the metal ion solution and the ion-exchange resin may be expressed as: (5) where k 1 is the rate constant for the forward reaction and k 2 is the rate constant for the backward reaction. If C 0 is the initial concentration of Co(II) or Zn(II), C t is the amount adsorbed on the solid phase at any time t and C e is the amount of metal ion adsorbed at equilibrium, the overall rate may be defined as: or (7) where k is the overall reaction rate constant. Since k 1 and k 2 are, respectively, the rate constants for the forward and reverse processes, the rate can be expressed as: (8) and at equilibrium,
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where K e is the equilibrium constant. Substituting this into equation (8) yields:
Integration of the equation leads to:
The above equation can be written in the form:
where U t can be calculated using the expression:
and k is the overall rate constant. The quantity U t is called the fractional attainment of equilibrium of Co(II) and Zn(II) and was calculated by considering metal ion adsorption onto the resin over the time range 1-24 h. In the present study, the concentration range of Co(II) and Zn(II) studied was 100-500 ppm. Using the kinetic equations, the overall rate constant was calculated from the equation of Bhattacharya and Venkobachar (1984) as: (14) By plotting ln(1 -U t ) versus t, it was possible to calculate the overall rate constant k for a given concentration of Zn(II) and Co(II) from the slope of the straight line depicted in Figure 6 . The corresponding values for the adsorption of Zn(II) and Co(II) were found to be 4.5 h -1 and 4.15 h -1 , respectively.
The rate constants depend on the adsorption capacity, diffusion coefficient, effective mass-transfer area, hydrodynamics, pH, zeta potential and other physicochemical parameters. In order to assess the nature of the diffusion process responsible for adsorption, the rate-controlling step has to (15) and (16) given by Boyd et al. (1947) in accordance with the observations of Reichenberg (1953):
where U t is the fractional attainment of equilibrium at time t as obtained from:
and (18) with Q t being the amount taken up at time t, Q ¥ the maximum equilibrium uptake, D i the effective diffusion coefficient of the adsorbate in the adsorbent phase, r 0 the radius of the adsorbent particle (assumed to be spherical) and n is an integer. The linearity test involving a plot of B t against time may be employed to distinguish between a film diffusion and a particle-controlled mechanism. The B t versus time plots (Figure 7) for Co(II) and Zn(II) at lower concentrations were linear and did not pass through the origin indicating that film diffusion was the rate-determining mechanism. The values of D i for the adsorption of Co(II) and Zn(II) at different temperatures are listed in Table 2 . (Table 2 ) via the equation (Agrawal et al. 2003) :
The values of E a were found to be higher for Co(II) adsorption than for Zn(II) adsorption. The negative values of DS are a reflection of the fact that no significant changes occurred in the internal structure of the resin during the adsorption of Co(II) and Zn(II) and that the adsorption process was spontaneous.
CONCLUSIONS
The adsorption studies described showed that the chelating resin Indion BSR could be used as an effective adsorbent for the removal of Co(II) and Zn(II) from aqueous solution. The solution pH was the most important parameter affecting adsorption: at pH values above 6.0 in the case of Co(II) and above 7.0 for Zn(II), the adsorption proceeded simultaneously with metal ion hydrolysis and precipitation. The contact time required for equilibrium between the metal ions in solution and on the ion-exchange resin appeared to be dependent on the ratio of the number of adsorption or ion-exchange sites to the number of metal ions capable of adsorption. Whereas the adsorption process obeyed the Langmuir and Freundlich adsorption isotherm under equilibrium conditions, the adsorption kinetics for Co(II) and Zn(II) followed first-order reversible behaviour in both cases. Such kinetic data would be useful for the design and fabrication of wastewater treatment plants. The results also indicated that an intra-particle diffusion mechanism played a significant role in the adsorption process, while the adsorption rate was controlled by a film-diffusion step.
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